The structure-functional convergence between two Zndependent proteases, namely thermolysin and mitochondrial processing peptidase~MPP!, is described. These two families of nonhomologous enzymes show not only functional convergence of several active site residues as in chymotrypsin and subtilisin, but also structural convergence of overall molecular architectures including the b-sheet arrangement and packing of the surrounding a-helices. The major functionally important structural elements are present in both enzymes with different topological connections and often in reverse main-chain orientation, but display similar packing. The structural comparison helps to rationalize sequence "inversion" of the HEXXH thermolysin consensus present as HXXEH in MPP. The described structural convergence may be due to a limited number of alternatives to build a Zn-protease that utilizes hydrogen bonding between a substrate main chain and the enzyme b-sheet for substrate binding.
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The rapidly increasing set of available protein spatial structures Bernstein et al., 1977 ! guides our understanding of evolutionary rules in protein structure space. Divergence explains similarity through inheritance from the common ancestor, and convergence means that some similar properties were acquired independently in evolution. Many fascinating examples of divergent evolution have been discovered~Gardiner et al ., 1997; Murzin, 1998; Holm & Sander, 1999 !. However, the convergent evolution aspect remains relatively unexplored and limited to the studies on arrangement of several functionally important residues in analogous proteins~Rus-sell, 1998!. The example of chymotrypsin-subtilisin proteases that utilize the same Ser-His-Asp triad still remains the classical onẽ Voet & Voet, 1990; Because the sequence order of the triad residues and overall folds of chymotrypsin~Tsukada & Blow, 1985!~two b-barrel domains! and subtilisiñ Kuhn et al., 1998 !~modified Rossman fold! are different, it appears that the same catalytic triad arrangement has evolved independently in these two proteins. The question arises if it is possible to find two proteins that share not only functional and local structural similarities as chymotrypsin and subtilisin do, but are similar in overall structure and yet are related by convergence. We believe that in the course of Zn-metalloprotease sequence-structure comparison study, we stumbled upon a striking example of such structure-functional convergence.
Thermolysin, a Zn-endopeptidase from Bacillus thermoproteolyticus, represents zincin-fold proteases~Murzin et al., 1995! and has been thoroughly studied in terms of its spatial structure~Tronrud et al., 1987 , 1992 ! and enzymatic mechanism~Matthews, 1988 Holland et al., 1995!. At the sequence level, the thermolysin family is characterized by the signature HEXXH, which incorporates twõ out of the three! Zn 2ϩ ligands and the catalytic glutamate. Another large family of Zn proteases, mitochondrial processing peptidases~MPP!~Braun & Schmitz, 1995b!, is represented by the recently determined structures of core I and II subunits in the mitochondrial cytochrome bc 1 complex~Xia et al., 1997; Iwata et al., 1998; Zhang et al., 1998 !. In contrast to thermolysin, not much is known about the MPP catalytic mechanism and specificity despite the significant effort~Braun & Schmitz, 1995b; Luciano & Geli, 1996; Tanudji et al., 1999 !. The sequences of catalytic b-subunit of MPP share the pattern HXXEH, which is reminiscent of that in the thermolysin Zn-binding site, but is inverted~Rawl-ings & In the N-terminal domain of mammalian core I protein~homolog of MPP b-subunit!, the first histidine is replaced by a tyrosine~Braun & Schmitz, 1995a!. However, plant core I proteins along with MPPs contain a complete His0His0Glu Zn-binding site and display full proteolytic activity~Braun & Schmitz, 1995a!.
To compare spatial structures of thermolysin~Protein Data Bank PDB! entry 4tmn! and the N-terminal domain of the core I in a cytochrome bc 1 complex~PDB entry 1bgy, chain A!, we superimposed C a atoms of the three Zn ligands~His142, His146, and Glu166 in thermolysin with His61, Tyr57, and Glu137 in core I! and a presumably catalytic glutamate residue~Glu143 and Glu60 in thermolysin and core I, respectively!. The superposition results in root-mean-square deviation~RMSD! of 1.56 Å for these four C a atoms and leads to a striking and unexpected match of many secondary structural elements of the two proteins~Fig. 1A,B!. Indeed, the two helices carrying Zn ligands~Fig. 1, E and F! and the other two helices~B and G! of thermolysin superimpose with their counterparts in the core I protein in reverse N-to-C orientation explaining the "inversion" of the family signature. Five strands of a single b-sheet~a to e! including the b-hairpin de are structurally equivalent in both enzymes. These superimposable elements comprise the majority of the domain structure. Thus, in addition to similarity in the arrangement of Zn-binding and catalytic residues, the two proteases have similar overall structural architecture. This architecture is based on a mixed b-sheet with a loose bundle of four a-helices packed on one side of it.
The overall structural similarity between thermolysin and the N-terminal domain of core I of bc 1 complex results in RMSD of 3.4 Å for 85 C a atoms~Fig. 1C! if connectivity and main-chain N-to-C orientation are ignored. The resemblance between thermolysin and core I protein remained unnoticed, because it is not detected by widely used algorithms such as DALI~Holm & Sander, 1995! and VAST~Gibrat et al., 1996 !, which are aimed on detection of similar folds where connectivity and orientation are preserved. However, if we leave only C a atoms in the structure of the N-terminal domain of core I protein~residues A21-A201, PDB entry 1bgy!, remove loops, and change residue numbers in b-strands and a-helices to match the connectivity and orientation observed in zincins, DALI~Z-score of 2.4, RMSD 3.5 Å for 93 C a atoms! and VAST~p-value of 0.0012! find thermolysin structure as the first hit with this set of C a coordinates. Therefore, if the connectivity and main-chain orientation of the equivalent secondary structural elements were the same in zincins and MPPs, one would inevitably conclude that these groups of proteases shared a common ancestor. Notably, when thermolysin is used as a reference, not a single pair of structurally equivalent elements is consecutive in core I protein, and 7 out of 10 elements are present in a reversedchain orientation~Fig. 1D!. The N-terminal domain of core I protein possesses a modified ferredoxin fold~strands b, c, d, and e and helices B9 and E form a ferredoxin unit!, while the zincin fold of thermolysin is similar to the Rossman fold @see the more Rossmanlike structure of a thermolysin homolog adamalysin~Bode et al., 1994!, PDB entry 2aig#. Taking into account the differences in topology and main-chain orientation, we confidently conclude that the similarity between zincins and MPPs is convergent.
It is likely that general principles of helix-to-sheet and helix-tohelix packing contribute to the convergent similarity between zincins and MPPs, which reflects the limited number of acceptable spatial arrangements of secondary structural elements. However, functional requirements for being a Zn protease should be important as well. Indeed, the stereochemical restrains on relative spatial arrangement of Zn-binding residues, possibly catalytic glutamate, and b-hairpin de~Fig. 1A,B! used for substrate binding by means of main-chain hydrogen bonds limits the number of possible protein architectures. For instance, another peptide hydrolase, namely peptide deformylase~PDF!, was shown to share limited structural and functional similarity with thermolysin~Meinnel et al., 1996; Chan et al., 1997; Becker et al., 1998; Dardel et al., 1998; Hao et al., 1999; Ragusa et al., 1999 !. PDF removes the formyl group from the N-terminus of the newly synthesized bacterial proteins. PDF sequence consensus HEXXH is indicative of a metallohydrolase. The spatial structure of PDF~Meinnel et al., 1996; Chan et al., 1997 ! revealed its OB-like core and demonstrated that similarly to zincins and MPP, HEXXH is a part of an a-helix with two histidines coordinating a metal. The third metal ligand~Cys90! comes from a long twisted b-hairpin spatially equivalent to the S19-loop in zincins and MPPs, and not from an a-helix. The PDF also contains a b-hairpin structurally equivalent to the de b-hairpin in zincins and MPPs, but the b-hairpin with Cys90 participates in main-chain hydrogen bonding of substrate~Becker et al., 1998; Hao et al., 1999!. Thus, the similarity in overall architecture and arrangement of functional groups is more pronounced between thermolysin and MPP than between PDF and either thermolysin or MPP.
Traditionally, homology is used to make functional predictions. However, the convergent similarity between thermolysin and MPP is so extensive that it allows us to formulate predictions about the substrate binding in the latter based on the former. To facilitate substrate binding, thermolysin uses the natural ability of a peptide to form main-chain hydrogen bonds with an edge of a b-sheet Matthews, 1988!. The ed b-hairpin carries out this function in thermolysin and probably has the same function in MPPs. The substrate chain forms hydrogen bonds with the b-strand d in an antiparallel way~Fig. 1A,B!. The S19 specificity pocket is large in thermolysin, which is specific toward bulky hydrophobic amino Fig. 1 .~facing page!. Thermolysin and core I protein: an example of structure-functional convergence. Ribbon diagrams of~A! thermolysin~PDB entry 4tmn! and~B! core I protein~PDB entry 1bgy! drawn by BOBSCRIPT~Esnouf, 1997!, a modified version of MOLSCRIPT~Kraulis, 1991!. The structures were superimposed and then separated for clarity. The spatially equivalent structural elements are colored correspondingly in the two structures. The S19 pocket loop in core I protein~colored dark gray! is contributed by the core II protein. N-and C-termini are labeled. Secondary structural elements are labeled consecutively in the thermolysin structure, with the same letters used for spatially equivalent elements in the core I protein. The orientations of a-helices and a loop in the S19 pocket are shown by arrows. The Zn ligands, catalytic glutamate, and residues near the S19 specificity pocket are shown in a ball-and-stick representation. The Zn ion is shown as an orange ball. The substrate analog inhibitor~Holden et al., 1987!~Cbz-Phep-Leu-Ala! in the thermolysin structure is shown in green lines.~C! The stereoview of the superposition of thermolysin~red! and core I protein~green! with the S19 pocket loop protruding from the core II protein~blue!. Side chains of Zn ligands and catalytic Glu are shown in both structures, a Zn ion and an inhibitor are shown in thermolysin as a ball and thin lines, respectively.~D! Structure-based sequence alignment of superimposable elements in thermolysin and core I protein.
The starting and ending residue in each segment is numbered, and the segments are labeled with the same letters as in A and B. The sequences in the opposite chain orientation are shown in reverse letters. Zn ligands and a catalytic Glu residue are shown in white letters boxed with black, and the residues in the loop of S19 pocket are in white letters boxed gray. Invariant residues are shown in bold letters, conserved hydrophobic, small, and hydrophilic residues are on yellow, green, and blue background, respectively. acids. The pocket is capped by Ile188 and Gly189 supplied from the loop. In core I protein this loop is superimposed with the loop protruding from the core II subunit C-terminal domain, which contains Lys286 and Arg287 structurally equivalent to Ile188 and Gly189~Fig. 1A-C!. Due to the low resolution structure of bc 1 complex~Iwata et al., 1998!~3.0 Å!, it is hard to deduce the exact placement of side chains, but it is clear that the S19 pocket in MPPs should be much smaller that the one in thermolysin. The structural properties are consistent with the MPP preference for small or negatively charged residues at P19 substrate site~Saavedra- Alanis et al., 1994; Waltner & Weiner, 1995; Tanudji et al., 1999 !. These hypotheses await experimental verification.
We believe that thermolysin and mitochondrial peptidase give a remarkable example of convergent protein evolution. Indeed, it illustrates not only functional convergence of the active site residues as in the case of chymotrypsin and subtilisin, but, most importantly, structural convergence of overall molecular architectures including the b-sheet arrangement and packing of the surrounding a-helices. This convergence is a probable reflection of a limited number of alternatives to build a Zn protease that utilizes hydrogen bonding of a substrate chain to the enzyme b-sheet for substrate binding.
